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Understanding how polymer processing can be different in
microgravity requires an understanding o f how gravity can
affect polymer reactions and processes. We review here the
fundamentals o f buoyancy-driven (Rayleigh-Bénard) and
surface-tension driven (Marangoni) convection. We consider
the polymer processes that are affected by convection and
review polymer experiments that demonstrate convective
effects in 1 g and microgravity.

Why should gravity be an issue for polymer processing, or for that matter,
any chemical process? A simple calculation seems to suggest that gravity
should have negligible influence on chemical reactions. The mass of a molecule
26

is on the order of 1 0 " kg, which translates into a gravitational force of about
1 0 " N. We can compare this to the force of attraction between the electron
and proton in a hydrogen atom, which is of the order 10" N. Even allowing for
shielding effects, the electrostatic forces that cause chemical bonds to be made
and broken will always be many orders of magnitude stronger than gravitational
forces. So gravity does not affect the fundamental atomic and molecular
interactions, but it can drastically alter the macroscopic transport of heat and
matter through convection, or macroscopic fluid motion. Gravity is also very
25
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important for systems with different phases that can sediment, as in colloids,
emulsions and blends.
Natural convection is the movement of fluid as the result of differences in
density, so that denser fluid sinks and less dense fluid rises. This motion is
resisted by the viscosity of the medium, which acts like friction in slowing the
motion of solids. The study of convection is an entire area of physics, and we
will touch only on a few aspects. The reader is referred to some excellent texts
(7-3).
Convection is a much more efficient process than diffusion for transporting
heat and matter. Consider what would happen i f smoke in a fireplace were
removed solely by diffusion. In a short time, the room would fill as the smoke
particles dispersed randomly. Instead, i f things work properly, the smoke goes
up the chimney, as the exothermic combustion reactions in the fire produce heat,
which decreases the density of the gases and allows them to "float" up the flue
because of buoyancy. We understand this idea of buoyancy intuitively when we
say that "heat rises".
Gravity will not always cause convection - it will depend on several factors
including the viscosity, temperature and concentration gradients, thermal and
mass diffiisivities and the orientation of gradients with respect to the gravity
vector. We understand this intuitively when thinking of hot water over cold
water being stable. (We'll see that hot salty water over cold water can still
exhibit convection through a more complicated mechanism.)
If a system lacks an interface between different fluids, such a monomer/air
interface, then only buoyancy-driven convection will occur. If a free interface
exists, then we will see that gradients in the interfacial tension can cause fluid
motion ~ a process called Surface-Tension Induced Convection or Marangoni
convection. This will be especially important in "microgravity". (How the
condition of apparently zero gravity is achieved is discussed in chapter 2.)

Buoyancy-Driven Convection

Consider a single-component fluid in a rectangular container with no free
interface, as shown in Figure 1. We can heat it from the top, bottom or side.
Will all three configurations cause fluid motion? No. If we heat from above,
the fluid is stable, meaning no fluid motion will occur. If we heat from the side,
there will be convection, whose magnitude will be determined by several
factors. We combine these factors into a dimensionless quantity called the
Rayleigh number
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where a is the thermal expansion coefficient, (3p/5T)/p , d is the height of the
container, K the thermal diffusivity (cm /s), and v the kinematic viscosity
(cm /s) and g the gravitational acceleration. Convection is inevitable in any fluid
system where there are temperature gradients perpendicular to the gravity vector
and the Rayleigh number is non-zero.
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Figure 1. Schematic of heating a single-component fluid, a) heaingt from
above is stable, b) heating from the side always causes convection, c) heating
from below may cause convection
What about heating from below? The answer is that it depends. If we have
an infinite layer with a fixed boundaries above and below, then the critical
Rayleigh number is 1707 (5). Such convection is often called Benard
convection or Rayleigh-Benard convection, in tribute to Henri Benard who first
investigated the problem (4). If heating from below, the Rayleigh number must
be below a critical value specific to the geometry of the system or convection
will occur. Another important observation is that to reduce the Rayleigh number
to near zero without altering the gradients, we can reduce "g" O R increase the
viscosity. Adding something like silica gel (5) or turning the reactor over (6)
can answer important information without resorting to microgravity.
We note that convection can also be caused by concentration gradient. In
that case, the ocAT term in the Rayleigh number is replaced by the (3AC, where p
= (5p/5C)/p , and K is replaced by the diffusion coefficient.
0

Dv
This has an important implication, especially for polymer systems. The
diffusion coefficient of typical solute solvent systems is on the order of 10~ cm
5
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s~ and may be orders of magnitude smaller for macromolecules. Thus, a density
gradient several orders smaller than a comparable thermally-induced gradient
will still cause convection.
The situation becomes more complicated i f concentration and temperature
gradients occur simultaneously. For example, i f hot, salty water overlies cold,
fresh water, vigorous convection will occur even i f the net density gradient is
zero. This phenomenon is called "double-diffusive convection" (2,7,8). The
appearance of "salt fingers" is quite obvious is such cases (9). If the hot, salty
water underlies cold fresh water, then the "diffusive regime" occurs, with less
vigorous convection for the same magnitude of gradients as for the "salt finger"
regime.
For the double-diffusive instability to occur two components with differing
effects on the density must be present that have transport coefficients that differ
by at least a factor of three (2). If temperature and concentration gradients
occur, this condition is readily fulfilled because thermal diffusivities of liquids
like water and organic fluids are on the order of 10~ cm s" . It also can be
fulfilled by a polymer solution over a salt solution even though the polymer
solution has a lower density than the salt solution due to the large differences in
the diffusivities of small and large molecules (10,11). In a reactive polymeric
system the system is self-heated with a simultaneous chemical change making
the stability more complicated than for the heating of a single-component fluid;
double- diffusive convection may result.
Another instability can occur when a more dense fluid is placed on top of a
less dense fluid, called the Rayleigh-Taylor instability (12,13). This can be
observed with a hot thermoplastic over its monomer (5).
We should note that i f an initially homogeneous solution is heated,
concentration gradients will arise from the Soret effect (14). This is due to the
temperature dependence of the solute's chemical potential. For a polymer
solution in a thermal gradient, the polymer molecules may migrate toward the
lower temperature region. The Soret effect is usually small. However, the Soret
coefficient is typically 100 times larger for macromolecules than for small
molecules (15,16).
3

2

1

Surface-Tension Driven Convection

Even in the absence of buoyant forces, convection can occur, driven by
gradients in the interfacial (surface) tension at the interface of two fluids.
Surface tension is affected both by chemical concentration and by temperature.
Figure 2 shows how a hot spot can cause convection by locally lowering the
surface tension. The cooler fluid has a higher surface tension and draws the
warm fluid towards itself. If the temperature gradient is perpendicular to the
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interface, both buoyancy-driven convection and Marangoni (surface-tension
driven) convection are possible.

a)

b)
Fluid A

Fluid A

Ti

T

h

Ti

Ti

Fluid B

Th

Fluid B

Figure 2. a) A temperature gradient along an interface between two fluids
causes a gradient in surface tension, which always results in fluid motion, b) A
difference in temperature between the interface and the bottom of the container
may cause convection, depending on the temperature difference, the transport
coefficients and the depth of the container.
The Marangoni number is the analog to the Rayleigh number but in which
the driving force is the variation in the interfacial tension,

daATd
Ma=--

dT jiK
1

1

where JJ, is the dynamic viscosity, v p, and daldT has units of N m" K " . A s in
the buoyancy-driven case, any lateral temperature (or concentration gradient)
will cause convection whose magnitude will be determined by the value of the
Marangoni number. If the gradient is vertical, then a stability condition exists, i .
e., below a critical value of the Marangoni number no convection occurs (17).
We hasten to add that the interfacial tension can be a function of concentration
so that a solutal Marangoni number is defined analogously to the solutal
Rayleigh number.
In a one g environment, both buoyancy-driven convection and Marangoni
convection can occur in a system with a free interface, depending on the
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orientation of the gradient and the values of M a and Ra. With thermal or
concentration gradients parallel to the interface, both effects occur. Separating
them can be accomplished by reducing g to 0 because the M a number does not
depend on g. Increasing the viscosity will not work because both G and M
depend inversely on the viscosity. Another way to separate the influence of the
two types of convection is to vary d. The Marangoni number depends on the
first power of the layer depth while the Rayleigh number, which describes bulk
convection, depends on d . Hence, surface tension-driven convection dominates
in thin layers.

Polymer Systems Affected by Gravity

There is a misconception that polymers are not affected by convective
instabilities. Consider a common material like poly(methyl methacrylate), aka
Plexiglass. A t room temperature it is a rigid solid. At about 100 °C it will
soften. At higher temperatures it will flow. Depending on its molecular weight,
at high temperature it can have a viscosity similar to water. During the
processing of thermoplastics, convection can be important. More importantly,
the viscosity of the monomer is low, and it is only after high conversion is
achieved that the viscosity becomes high.
There are several reasons to study polymer processing in microgravity,
which can be grouped into three categories. The first of which is the principal
concern of this review and the majority of microgravity experiments. Namely,
microgravity greatly reduces buoyancy-driven fluid flow. This allows the study
of Marangoni effects on processes without most of the convo luting influence of
buoyancy-driven convection. It can also allow researchers to measure diffusion
coefficients in experiments where heat and/or mass transfer are normally
dominated by buoyant convection. Finally, the near absence of buoyantconvection allows the formation of benchmark materials. These benchmarks
allow the characterization of materials formed under conditions where
buoyancy-driven convective influences are insignificant. Such benchmarks are
of interest for determining the influence of buoyancy-driven convection on
materials properties.
A second useful feature of microgravity is that pressure head effects are
virtually eliminated. This is important in phase change studies where small
gradients in pressure cause significant changes in the behavior of the phases.
Third, microgravity virtually eliminates sedimentation. In emulsion
polymerization and dispersion polymerization polymer particles are formed with
a higher density than the surrounding medium and tend to settle. The same
sedimentation issues arise with polymer production in living cells. Microgravity
allows a researcher to create colloids and dispersions with stabilities not
normally achievable on the ground.
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The following pages are a brief review of experiments indicative of
gravitational effects on polymerizations and polymer processes.
These
experiments provide an insight into the types of processes that may be
investigated using microgravity experiments.
Bulk Polymerizations
Even crosslinking systems can be affected by buoyancy-driven convection
because the viscosity of the reactants are often quite low. This is certainly true
for acrylates and often true for epoxy resins. L i et al. demonstrated that the
Rayleigh-Benard patterns that occur in a monomer system heated from below
can be fixed by the polymerization (18). Orban et al. studied pattern formation
during the polymerization of acrylamide in water in the presence of sulfide ions
and found that that convection caused the pattern and not the supposed Turing
mechanism (19,20). Schaarschmidt and Lamprecht investigated two systems in
thin layers ( 1 - 5 mm): the polymerization of acrylamide and the gelatinization
of gelatin (21). From their experiments and analysis they concluded it was
impossible to determine whether buoyancy-driven or surface-tension driven
convection was more important.
Briskman et al. studied the
photopolymerization of acrylamide in water on the Mir (22,23). Briskman et al.
also studied the same system under high g (24) and one g (25). They found that
the gel matrix properties were graded along the direction of the force.
The effects of convection during the photodeposition of poly(diacetylene)
thin films has been studied at Marshall Space Flight Center (26,27). The
investigators found that defect formation was related to the intensity of
convection and that double-diffusive convection and defects were found in all
orientations of the experiment including illumination from above.
Buoyancy-driven convection can be important in the dissolution of
polymers (28,29). This process is the reverse of solidification but shares the
trait of concentration gradients created near a solid surface. A polymer process
closely related to solidification is isothermal frontal polymerization in which an
acrylate polymerization occurs in the mushy layer of a polymer "seed" (30).
This process can be used to create Gradient Refractive Index (GRIN) fibers (31).
Koike et al. also developed a photopolymerization method (32). L i u et al. used
a centrifugal method to prepare the gradients (33). Because of the large
conversion gradients created, the orientation of the reactor is an important
processing variable.
Mathias et al. studied the photopolymerization of methyl methacrylate on
parabolic airplane flights and reported a variation in the molecular weight with g
level (34) consistent with a report from a drop tower experiment by Sturm et al.
(35). This phenomenon is most likely an effect of mixing caused by
composition gradients created during photopolymerization that affects the
average rate of initiation throughout the sample.
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On the space shuttle flights STS-57 and STS-63 Brown et al. studied
polymer gel formation and produced superior gels for gas separation and for
proprietary applications (36,37).

Coatings, Films and Membranes
Coatings and films involve the creating of density and surface-tension
gradients. Hansen and Pierce reviewed the appearance of cellular patterns in
coatings and its deleterious effects on coating appearance (38). They note that
this convection is caused primarily by gradients of surface tension due to the
small scale of the layer. Kitano and Shiojiri used this convection to create a
superior electrostatic dissipative coating with ZnO particles formed into a
network by cellular convection (39). Anand and Karam studied the effects of
surface-tension induced convection on surface deformation in Saran coating
during the evaporation of the solvent (40). Sakurai et al. studied pattern
formation in polymer films formed by evaporating toluene from a solution
containing poly(styrene-raw-butadiene) random copolymer and from toluene
solution containing polystyrene and dioctylphthalate) (41). They attributed the
hexagonal cellular patterns to buoyancy-driven convection but neglected any
consideration of the effect of surface-tension driven flows.
McGinniss and Whitmore studied thin polysulfone membranes formed
under high and low g environments on parabolic airplane flights, sounding
rockets and on the Space Shuttle (42). The most important effect of acceleration
level was on the solvent gas transfer coefficient and not on the components in
the membrane. Tan et al. considered the same issue theoretically (43).
Kawaguchi studied the problem of viscous fingering in silica suspensions in
polymer solutions (44). Experiments in drop towers revealed that sedimentation
of the silica particles affected slightly the tip-splitting instability.

Phase Separation
Phase separating polymer systems can exhibit both buoyancy-driven and
Marangoni convection. Mitov and Kumacheva observed both in the
polystyrene/poly(methyl methacrylate) system in which both were dissolved in
toluene. The toluene was evaporated from layers of initial thickness of 0.12-3
mm (45). They were able to obtain ordered hexagonal patterns on the scale of
10 microns, which they ascribed to the ordering effects of buoyancy-driven and
Marangoni convection.
Kumaki et al. studied the polystyrene-polybutadiene-dioctylphthalate
system 20 °C above the coexistence temperature but in the presence of a
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temperature gradient. Spinodal-like patterns were observed, which were caused
by surface-tension-induced convection (46).
Polymer-Dispersed Liquid Crystals (PDLCs) can be affected by buoyancy.
Fox et al. studied P D L C s produced via photopolymerization on parabolic
airplane flights (47). The authors reported improved response times in the flight
samples.
L i et al. (48) studied how 1.0 jiim particles of polystyrene and poly(methyl
methacrylate) interacted when they were melt processed at 180 °C. They
observed by confocal microscopy on a hot stage that there was a preferential
motion for particles, which they attributed to a buoyancy-driven flow because of
the 10% density difference between the polymers. Jang et al. had made a similar
observation (49). L i et al. did not consider possible surface-tension induced
convection or that droplets could migrate in a temperature gradient, as has been
observed by Balasubramaniam et al. for the thermocapillary migration of
bubbles (50).
Naumann reviewed the results from the Consort sounding rocket program
that included several polymer experiments but to the best of the authors'
knowledge none of experiments have been published in the peer-reviewed
literature (51).
Sunkara et el. studied the effects of buoyancy-driven convection on
colloidal crystals consisting of polystyrene beads in a photopolymerizing methyl
methacrylate matrix (52). Buoyancy-driven convection occurred no matter in
which orientation the U V light source was placed. This convection prevented
fixing a uniform colloid matrix by polymerization.
Vanderhoff et al. prepared large-particle size monodisperse latexes on the
Space Shuttle (53). These latexes were made from large colloidal droplets
consisting primarily of monomers that were polymerized. Droplets of similar
size could not be maintained on the ground for sufficient duration due to
sedimentation.
Rabeony and Weiss investigated theoretically nonterminated
polymerization in the gas phase without convection (54).

Tubular Reactors
Tubular reactors have been shown to be affected by buoyancy-driven
convection. Cunningham et al. demonstrated the fouling of a reactor (when
polymer accumulated on the reactor walls and stopped flow) depended on the
reactor orientation (55-57).
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Foams
Foams are quite susceptible to influences from the buoyancy. Polymeric
foam formation has been studied on sounding rockets (58,59) and parabolic
airplane flights (60,61). Volatilization of thermoplastics is also affected, which
affects how thermoplastics can burn (62).

Figure 3. Rayleigh-Taylor instability with descendingfront of butyl aery late
polymerization. Although the polymer product is hot (> 200 °C) it still is about
20% more dense than the monomer below it.

Frontal polymerization
Frontal polymerization is a mode of converting monomer into polymer via a
localized exothermic reaction zone that propagates through the coupling of
thermal diffusion and Arrhenius reaction kinetics. Frontal polymerization was
discovered in Russia by Chechilo and Enikolopyan in 1972 (63). The
macrokinetics and dynamics of frontal polymerization have been examined in
detail (5) and applications for materials synthesis considered (64,65).
Buoyancy-driven convection has significant effects on ascending fronts,
with thermosets (6,66) and thermoplastics (67). It has been used to advantage
for creating functionally-gradient materials (68,69).
Descending fronts with thermosets are generally immune to convective
instabilities but thermoplastics exhibit the Rayleigh-Taylor instability (Figure 3)
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(5). However, i f the reactor is not vertical, i.e., the cylindrical tube is not
parallel to the gravitational vector, then convection will occur with a thermoset
(70). Descending fronts are affected by gravity even without convective
instabilities. Under some conditions and/or composition, the fronts propagate in
a spin mode forming a spiral pattern (5,71,72). Garbey et al. had predicted (73)
and Masere et al. confirmed experimentally (72) that for descending fronts spin
modes appeared more readily for high Rayleigh numbers than for low values.
In order to study poly(n-butyl acrylate) fronts, Pojman et al. added ultrafine
silica gel to increase the monomer viscosity (74). To determine the inherent
molecular weight distribution ( M W D ) of poly(n-butyl acrylate) produced
frontally, it was necessary to perform a front without silica gel. Because of the
Rayleigh-Taylor instability, the only way to accomplish this with a
thermoplastic-forming monomer such as n-butyl acrylate is to eliminate the
driving force for the collapse of the more dense polymer layer, i.e., eliminate the
force of gravity. A n experiment was launched on the 1996 Conquest I rocket
-4

flight. The flight provided at least 5 minutes of 10 g conditions. Pojman et al.
found that the molecular weight distribution of the sample polymerized in
microgravity was very similar to the ground based-control experiment (75).
Thus, the addition of a viscosity-enhancing agent did not significantly affect the
molecular properties of the sample produced frontally.

Conclusions
Buoyancy-driven and surface-tension driven convection can affect a wide
variety of polymer process. Often the role can be studied on earth by varying
the viscosity or orientation or the system. Yet, performing experiments in
weightlessness can be the only way to determine the relative effects of the two
processes or if the viscosity can not be independently varied.
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